Although parallel alignment of fibroblasts to the tension lines of scar has been evidenced in vivo, how scar contracture generates directional contraction remains largely unclear due to the lack of effective in vitro model. Fibroblast populated collagen lattice (FPCL), a widely used in vitro model, fails to mimic scar contracture since it produces concentric contraction with the random orientation of fibroblast. We hypothesized that a novel FPCL model with fibroblast alignment might produce directional contraction and then simulate scar contracture better. Here, we showed that although direct current electric fields (DCEFs) enabled fibroblasts aligned perpendicularly to the field vector, it also promoted electrotactic migration of fibroblast in FPCL. By contrast, biphasic pulse direct current electric fields (BPDCEFs), featured by reversal of the EF direction periodically, abolished the electrotactic migration, but induced fibroblast alignment in a pulse frequency dependent manner. Specifically, BPDCEF at a pulse frequency of 0.0002 Hz induced fibroblast alignment comparable to that induced by DCEF under the same field strength (300 mV/mm), leading to an enhanced contraction of FPCL along the direction of cell alignment. FPCL pretreated by BPDCEF showed an elliptical contraction whereas it was concentric in control FPCL. Further study revealed that F-actin redistributions acted as a key mechanism for the induction of fibroblasts alignment by BPDCEF. Cytochalasin D, an inhibitor of actin dynamics, abolished F-actins redistribution, and significantly suppressed the fibroblasts alignment and the directional contraction of FPCL. Importantly, BPDCEF significantly increased RhoA activity in fibroblasts, while this response was attenuated by C3 transferase pre-treatment, a potent inhibitor of RhoA, caused F-actin depolymerization and actin filament bundle randomly distributed. Taken together, our study suggests a crucial role for fibroblast orientation in scar contracture, and provides a novel FPCL model that may be feasible and effective for investigating scar contracture in vitro.
Introduction
Contractures following hypertrophic scar remain a big challenge for patients after traumatic or burn injuries, leading to poor cosmetic outcome, impaired joint range of motion, and even permanent loss of function [1, 2] . The most important feature for contracture is the development of scar contraction along the direction of tension lines. Parallel alignment of fibroblasts as well as collagen fibers to the tension lines have been evidenced previously with electron microscopy, which raised an assumption that the aligned fibroblast coupling to the extracellular collagen fibers might be the key basis for scar contracture [3] . However, without an effective in vitro model to simulate the dynamics of contracture, whether or how fibroblast alignment contributes to the directional contraction of scars remains largely unclear.
Fibroblast populated collagen lattice (FPCL), as established in 1979 by Bell E., is a commonly used model for scar contraction in vitro [4] . Using this model, numerous studies have been conducted as an attempt to increase our understanding on scar contracture, but unfortunately have not resulted in notable therapeutic advances. This might be, at least partially, due to the fact that fibroblasts in FPCL are oriented randomly, but not aligned parallelly as that observed in scar contracture. As a consequence, FPCL produces concentric contraction, but not directional contraction [3, 5] . We hypothesized that a modified FPCL model with fibroblast alignment might produce directional contraction and then simulate the scar contracture better in vitro.
Endogenous direct current electric fields (DCEFs), generated instantaneously after skin injury due to disappearance of the transepithelial potentials, play an important role in cell migration and orientation [6, 7] . Interestingly, exogenous application of DCEFs at physiologic strength was shown to induce fibroblasts alignment perpendicular to the field vector in either 2D or 3D culture although the mechanisms are largely unclear [8, 9] . Nevertheless, DCEFs also promote directional migration of cells (electrotactic migration), which may lead to a unsymmetrical distribution of the cells and then should not be acceptable when considering constructing a new FPCL model with fibroblasts alignment by DCEFs stimulation. However, the onset of electrotactic migration normally takes tens of minutes depending on cell type and field strength [10] . This allows us to consider that a biphasic pulse direct current electric fields (BPDCEFs), featured by the reversal of EF direction periodically, might abolish the electrotactic migration, but still induce cell alignment.
In this study, we applied BPDCEF to FPCL with the aim to develop a novel FPCL with fibroblast alignment. We found that: 1) in comparison to DCEF, BPDCEF at a specified frequency enabled fibroblasts aligned perpendicularly to the field vector as DCEF did in FPCL, but abolished the electrotactic migration completely; 2) induction of fibroblasts alignment led to a directional contraction of FPCL along the cell alignment or the Y-axis of FPCL; 3) F-actin redistribution was found to be the key mechanism for fibroblast alignment induced by BPDCEF; 4) Cytochalasin D, an inhibitor of actin dynamics, abolished F-actins redistribution, and significantly suppressed fibroblasts alignment and the directional contraction of FPCL. 5) Rho signaling played an important role in BPDCEF-induced F-actin redistribution and cell alignment. Our study suggests a crucial role for fibroblast orientation in scar contracture, and provides a novel model that may be more effective for studying scar contracture in vitro.
Materials and methods

Ethics statement
BALB/c mice (male and female, 1-1.5 g) and SD rat (male, 200-250 g) were obtained from the Experimental Animal Department of the Third Military Medical University (Army Medical University). All of the animal procedures were approved by the Animal Experiment Ethics Committee of the Third Military Medical University. All methods were performed in accordance with the guide for the Care and Use of Laboratory Animals published by the National Institutes of Health (NIH Pub. No. 85-23, revised 1996).
Cell culture
Fibroblasts were obtained from skin of newborn BALB/c mice (postnatal day 1-3) as described previously [11] . Briefly, fibroblasts were isolated from dermal tissue by 0.25% trypsin/0.04% EDTA solution (Invitrogen, USA) at 4°C overnight. The fibroblasts were then plated into dishes and cultured in DMEM/F12 containing 10% fetal bovine serum (Gibco, USA) and 100 U/ml penicillin (Invitrogen, USA), and 100 mg/ml streptomycin (Invitrogen, USA). The cells were incubated at 37°C in 5% CO2 and 95% humidity for 24 h and washed gently with warm phosphate-buffered saline (PBS) to remove non-adherent cells. The media were then refreshed. Passage 2 to Passage 5 cells were used in our experiments.
3D FPCL culture
FPCL were generated by mixing rat tail collagen and fibroblasts together according to the method described previously [12] . The isolation of native collagen from rat tails was performed using the salt purification and then resuspended the pellet in 100 ml of ice-cold 0.1 M acetic acid [13] . Medium containing fibroblasts and serum, acetic acid containing collagen at a volume ratio of 1:1:8 mixed completely with agitation at 4 ℃. Once FPCL was formed, 1.0-2.0 ml medium was added into each dish and then incubated at 37°C in 5% CO 2 for 4 days. The initial density of the collagen fibrils was 2 mg/ml. FPCLs were created at low (0. 3 × 10 5 ; LD), moderate(1.5 × 10 5 ; MD) or high (15 × 10 5 ; HD) cell density.
EF stimulation and the imaging of cell migration or orientation and FPCL contraction
For observe fibroblasts orientation under EFs in 2D or 3D model. A previous galvanotaxis chamber was improved to stimulate cells with electric fields [6, 14, 15] . EFs were applied through two silver electrodes immersed in Steinberg's solution-filled reservoirs that were connected to wells at each end of the electrotaxis chamber (Height of 0.15 mm for 2D, Height of 0.45 mm for 3D) by two agar bridges (2% agar in Steinberg's solution). The culture media were supplemented with 15% fetal bovine serum and 20 mM HEPES buffer in the EF stimulation experiments. Direct current electric fields (DCEFs) was applied with strengths of 0, 100, 200 and 300 mV/mm for 4 h, which was the unidirectional flow of charged particles along the same direction (Supplemental Fig. S1A ). Biphasic pulse direct current electric field (BPDCEF) was stimulated using biphasic square pulses at 300 mV/mm with frequencies of 100, 1, 0.01, 0.0002 Hz (duty ratio = 1, the proportion of power-on work time to total time was 100% in a pulse cycle) for 4 h, the pulse width during this experiment was 0.01 s, 1 s, 100 s, and 5000s corresponding to the above frequencies respectively, which was bidirectional and consists of two phases (Supplemental Fig. S1B ). One phase left the isoelectric line, and after a finite time returned to baseline; another phase left the isoelectric line in the opposite direction, and after the equal time returned to baseline, which showed reversal of their direction periodically (Supplemental Fig. S1B ). The time-lapse imaging of cell orientation or FPCL contraction was performed with a Zeiss imaging system (Carl Zeiss Meditec, Jena, Germany) or Nikon Eclipse imaging system. Time-lapse images were analyzed using NIH ImageJ software.
Inhibitor
Fibroblasts were treated with cytochalasin D (1 µmol/L), colchicine (5 µmol/L) or C3 transferase(20 µg/ml) for 10 min before EF stimulation. These pharmacological inhibitors are purchased from Sigma.
Immunostaining
Fibroblasts were seeded onto galvanotaxis chamber for 4 h under EFs or not. Then the cells were quickly washed twice with PBS, fixed with 4% paraformaldehyde for 15 min at room temperature. After 3 washes with PBS, cells were blocked with 5% bovine serum albumin (BSA) (Sigma-Aldrich). Fibroblasts were stained with rhodamine phalloidin(proteintech, USA) at 1:35 dilution for the detection of F-actin or with Cyanine 3(proteintech, USA) at 1:100 dilution for the detection of α-tubulin.
Quantitative analysis of cell migration, cell orientation and FPCL contraction
Cell migration, cell orientation and FPCL contraction were analyzed using methods reported previously [15] [16] [17] 
RhoA activation assay
RhoA activity in cells was measured using Rho Activation assay kit (Upstate biotechnology, USA), according to the manufacturer's instructions. Briefly, the supernatants of lysates were incubated 60 min with 1ul of anti-RhoA and 20 µl of protein agarose beads at 4°C. The complexes were collected by centrifugation at 5000×g for 1 min at 4°C, and washed three times. The samples were denatured in SDS sample buffer (50 mM Tris pH 6.8, 2% SDS, 100 mM dithiothreitol, 10% glycerol, 0.01% bromophenol blue) and subjected to western blotting using the anti-RhoA antibody.
Western blot analysis
Cells were washed with ice-cold phosphate-buffered saline (PBS), harvested in 100-200 µl of lysis buffer on ice, and homogenized. Lysates were separated by centrifugation at 4°C and 14,000 rpm for 15 min. Protein concentration was determined by BCA protein assay kit (Sigma, USA). The lysates containing 10 or 20 μg of proteins were separated on 10% SDS-PAGE gel, and transferred electrophoretically to polyvinylidene difluoride (PVDF) membranes. The primary antibodies followed by incubation anti-RhoA at 1:1000 dilution and anti-GAPDH at 1:5000 dilution, and the secondary antibody at 1:4000 dilution.
Statistical analysis
Data were expressed as the mean ± standard error of mean (SEM). Two-tailed Student's t-tests were performed to determine the differences between groups. P < 0.05 was considered statistically significant. Data were from at least 3 independent experiments and shown as the mean ± SEM. *, P < 0.05;**, P < 0.01 compared to non-EF control. Bar = 50 µm.
Results
Fibroblasts alignment and directional migration induced by DCEFs in FPCL
To determine optimal field strength for the induction of fibroblast alignment in 3D environment, FPCL was firstly treated with DCEFs according to our previously described method. Fibroblast showed a polygonal shape with irregular orientation in the absence of DCEF. However, it turned to a spindle shape with less protrusion, and re-orientated uniformly with its long axis perpendicular to the field vector after application of a DCEF at 300 mV/mm for 4 h (Fig. 1A , Supplemental Movie 1). Meanwhile, fibroblast migration towards the anode was observed compared to non-EF control (Fig. 1B-C , Supplemental Movie 1). The displacement speed of fibroblast increased by 80% in DCEF-treated FPCL compared to non-EF control. These results confirmed that DCEF induced a robust reorientation as well as directional migration of fibroblast in FPCL.
Supplementary material related to this article can be found online at doi:10.1016/j.yexcr.2018.09.003.
Further analysis showed that both fibroblast reorientation and directional migration under DCEFs stimulation were time dependent (Fig. 1D-E) . The orientation index was significantly increased at 1 h (Fig. 1D) , whereas the migration directedness significantly increased at about 30 min after DCEFs application (Fig. 1E) . This result indicated a more sensitive response of directional migration than reorientation for 3D-cultured fibroblasts. Voltage analysis showed that the orientation index and the migration directedness all increased significantly at 100 mV/mm, which further increased with the increase of field strength, reaching the highest levels at 300 mV/mm (Fig. 1F-G) . These results suggest a time and voltage-dependent induction of fibroblasts reorientation and directional migration in FPCL by DCEFs.
BPDCEF induced fibroblasts alignment with no directional migration in FPCL
As anodal migration of fibroblast induced by DCEFs would result in an unsymmetrical distribution of the cells in FPCL, we then determined whether a BPDCEF, featured by reversal of the EF direction periodically, might abolish anodal migration, but still induce fibroblasts alignment in FPCL. BPDCEFs at various frequencies were applied to FPCLs with the EF strength same to DCEF (300 mV/mm). The orientation index was increased when the applied BPDCEFs were at a lower pulse frequency, indicating that longer stimulation per cycle is beneficial for fibroblast reorientation (Fig. 2A) . Notably, FPCL treated with BPDCEF at 0.0002 Hz showed the highest orientation index that was comparable to that induced by DCEF (BPDCEF: 0.69 ± 0.06 vs. DCEF: 0.68 ± 0.06; Fig. 2A, Supplemental Movies 2) , indicating that the induced fibroblast reorientation was not EF direction dependent. Morphologically, fibroblast treated with BDCEF exhibited similar cellular alterations as DCEF did: the fibroblast turned to spindle-like with its long axis perpendicular to the vector (Fig. 2B, Supplemental Movies 2) .
Migration directedness also trended to increase when the applied BPDCEFs were at a lower pulse frequency, but not significantly according to the Student's t-tests (P > 0.05, Fig. 2C ). This was further evidenced by the migration trajectories showing that fibroblast migrated randomly in BPDCEFs-treated FPCLs, whereas migrating towards anode in DCEF-treated FPCLs (Fig. 2D, Supplemental Movies 2) . Similarly, no increase in the displacement speed was observed in fibroblast treated by BPDCEF (Fig. 2E) . These results indicated a diversity of cellular response in terms of migration and orientation under BPDCEF stimulation. At a pulse frequency of 0.0002 Hz, BPDCEF induced a robust alignment, but no directional migration of fibroblast in FPCL.
FPCL presented in a concentric contraction in cell density dependent manner
FPCL contraction is highly associated with the numbers of fibroblast [17] . We then determined the optimal cell density for FPCL contraction. FPCLs with cell density at 0.3 × 10 5 (LD), 1.5 × 10 5 (MD) and 1.5 × 10 6 (HD) were casted respectively. The casted FPCL showed no contraction before release. After being released, it underwent a rapid and continuous contraction in a concentric manner (Fig. 3A) . Time course analysis found that FPCL had a sharp contraction within 0.5 h, reaching a plateau at 2 h after release (Fig. 3B) . At 2 h after release, the contraction in LD, MD and HD FPCL increased by 1.8, 3.2 and 3.8-fold respectively when compared to blank gel control (Fig. 3B) . As the MD FPCL (fibroblast density, 1.5 × 10 5 ) showed a higher efficiency in contraction compared to LD and HD FPCL, it was employed in our following experiments.
BPDCEFs stimulation induced a directional contraction of FPCL
We then tried to determine whether FPCL produces directional contraction as a result of fibroblasts alignment induced by BPDCEF. As the EF had to be interrupted at the time of FPCL release in our 3D-electrotactic setup, we examined firstly whether cell alignment induced by BPDCEF (pulse frequency, 0.0002 Hz; field strength, 300 mV/mm) would disappear immediately after EF interruption. Our results showed that the orientation index decreased slowly, but maintained at a much higher level than that of control up to 1.5 h after EF interruption (Supplemental Fig. S2 ). This result suggests that the induced fibroblasts alignment could not disappear shortly after BPDCEF interruption.
We next observed whether there is a directional contraction in BPDCEF-treated FPCL. Both BPDCEF and non-EF treated FPCLs exhibited strong contractions as compared to blank gel control (Fig. 4A-B) . However, an elliptical contraction was observed in BPDCEF-treated FPCLs, whereas it was concentric in non-EF treated control (Fig. 4A) . The contractions along fibroblast alignment (Fig. 2B) or the Y-axis of FPCL were significantly increased at the indicated time points in BPDCEF-treated FPCLs than non-EF treated control (Fig. 4C) . No differences in the contractions along X-axis were observed between them (Fig. 4D) . These results indicate an induction of FPCL directional contraction associated with fibroblast alignment by BPDCEF.
F-actins redistribution were responsible for fibroblasts alignment and directional contraction of FPCL induced by BPDCEF
Cytoskeletons, such as microfilament and microtubule, are known to be important for cell shape, orientation, and migration [8, 18, 19] . To examine a possible cytoskeletal mechanism underlying BPDCEF-induced fibroblasts alignment and the subsequent directional contraction of FPCL, fibroblasts were stained with rhodamine phalloidin for detection of F-actin or with Cyanine-3 for detection of α-tubulin. F-actin Data were from at least 3 independent experiments and shown as the mean ± SEM. *, P < 0.05;**, P < 0.01 compared to FPCL with no BPDCEF treatment at the same time points. # , p < 0.01 compared to blank gel at the same time points. Calibration = 0.5 mm.
was criss-crossingly distributed in fibroblasts in an absence of BPDCEF; however, a redistribution of F-actin that was parallel to the long axis of cells and aligned perpendicularly to the field vector was observed after BPDCEF application (Fig. 5A) . By contrast, α-tubulin was distributed radially around the nucleus, regardless of the presence or absence of BPDCEF (Fig. 5B) . Preconditioning with cytochalasin D (Cyt-D), an inhibitor of actin polymerization, weakened F-actin staining, abolished F-actin redistribution, and dramatically suppressed fibroblast alignment induced by BPDCEF (Fig. 5A and C) . Preconditioning with colchicine, an inhibitor of microtubule polymerization, however, had little effects on fibroblasts alignment although α-tubulin turned to be dotted and dispersed staining ( Fig. 5B and C) . Furthermore, Cyt-D preconditioning largely reduced the extent of FPCL contraction and the contraction along Y-axis in BPDCEF-treated FPCL; colchicine preconditioning, again, showed little effects (Fig. 5 D-F) . These results suggest a crucial role for F-actin redistribution in BPDCEF-induced fibroblasts alignment and the subsequent directional contraction of FPCL.
Rho signaling played an important role in F-actin polymerization and redistribution under BPDCEF
Evidence exists that Rho/ROCK function is essential to promote actin assembly and remodeling [20] . Having established a link between F-actin redistribution and cell alignment under BPDCEF, we used C3 transferase, a potent inhibitor of RhoA, to test if the BPDCEF-induced Factin redistribution involves Rho signaling. Using western blot analysis, we found that BPDCEF significantly increased RhoA activity in fibroblasts, while this response was attenuated by C3 transferase pre-treatment, indicating Rho signaling was activated by BPDCEF (Fig. 6A) . Immunofluorescence staining observed that F-actin became thicker and longer in BPDCEF group compared with No EF group (Fig. 6B and  Fig. 5A ). However, C3 transferase pre-treatment caused the formation of F-actin that were thinner, more sparsely and randomly distributed in the cytoplasm of fibroblasts, and dramatically suppressed fibroblast alignment induced by BPDCEF (Fig. 6B-C) . These results suggest BPDCEF promotes F-actin polymerization and redistribution through Rho signaling.
Discussion
With the aim to modeling scar contracture in vitro, we herein developed a novel FPCL model that could initiate directional contraction by using BPDCEF stimulation. This novel model is inspired by the unique role of BPDCEF in fibroblasts alignment, but no trigger of directional migration. We showed that under BPDCEF stimulation, fibroblast alignment was induced through a mechanism of RhoA-regulated F-actin redistribution, resulting in a directional contraction along fibroblast alignment or the Y-axis of FPCL. Our study suggests a crucial role for fibroblast orientation in scar contracture, and may provide a novel FPLC model for deeply studying scar contracture in vitro.
Methods that have been reported previously to induce cell alignment include: 1) using a microgroove silicone membrane to orient the cells along the direction of microgrooves; 2) using a stretching device to stretch the cells periodically; 3) orienting the cells in a spatial arrangement by a 3D printing nozzle system [21] [22] [23] . Although these methods are valuable for exploring cell alignments, they are not suitable for constructing a new FPCL model with fibroblasts alignment. For example, microgroove method is mainly used to induce cell alignment in 2D culture because the ridge width of groove is a little bit bigger than or equal to the size of a single cell, which is therefore not practical to align the populated cells in 3D patterns [24, 25] . Although cyclic stretching could induce cell alignment in 3D microenvironment, it however irreversibly leads to ECM remodeling and induces a strong stretch-avoidance response of the derived cells at gel surface [26] . The 3D printing nozzle system enables the cells oriented regularly in a spatial arrangement, but such procedure is highly complicated and the cell viability might not be guaranteed [23] . As suggested in our and other previous studies, EFs at physiologic strength could induce orientation response in a variety of cells cultured in 2D or 3D environment, such as epithelial cells, vascular endothelial cells, fibroblasts, and SMCs [27, 28] . The advantages for EFs inducing cell alignment are the inherent properties of the electric stimulation that are dynamic, noninvasive, and size or duration adjustable [7, 29, 30] . Furthermore, cell alignment could be induced by EFs in a few hours compared to days induced by other methods [25] . This should be particularly in favor of tracking cell reorientation dynamically and persistently. Therefore, we believe that EFs stimulation would be a useful tool to induce fibroblasts alignment in FPCL.
Referring to the method established in our previous study [6] , we developed a 3D electrotactic setup for FPCL in this study. By using this setup, we were able to image the dynamics of cellular responses under a living-cell workstation. DCEF induced not only alignment but also directional migration of fibroblasts in FPCL as expected. However, the directional migration of fibroblasts under DCEF stimulation was time dependent, and the cells normally took 1-2 h to reverse their migration direction if the direction of DCEF is reversed [10] . These findings allowed us to develop a biphasic pulse electric field (BPDCEF) to induce cell alignment, and also abolish the electrotactic migration by periodically reversing the EF direction before the appearance of directional migration of cells. Nevertheless, how cell behavior is affected by BPDCEF has not been addressed previously. Our results showed that the directional migration of fibroblast in FPCL, as reflected by the migration directedness and the displacement speed, was indeed suppressed by BPDCEF at frequencies ranging from 100 to 0.0002 Hz (Fig. 2C and  E) . The cells in BPDCEF-treated FPCLs migrated weakly and randomly, similar to that observed in non-EF control (Fig. 2D) . By contrast, BPDCEF could induce fibroblast alignment in a frequency dependent manner ( Fig. 2A) . Specifically, BPDCEF at 0.0002 Hz induce fibroblast alignment comparable to that induced by DCEF under the same EF strength ( Fig. 2A and B) . These results suggest a separated mechanism accounting for cell migration and orientation under EF stimulation, which has been to some extent discussed previously [31, 32] . Although the relevant mechanisms need to be further elucidated, our study for the first time provides a new method by using BPDCEF to dissect an electrical response of cells separately, and develops a novel model that can be used to effectively examine the dynamic effects of fibroblast orientation on FPCL contraction, a question eager to be answered for advancing our understanding on scar contracture. We found that BPDCEF-treated FPCL produced an increased contraction along the Y-axis or the direction of fibroblast alignment, with an elliptical contraction of the collagen lattice as a consequence. By contrast, the non-EF treated FPCL, in which fibroblasts were oriented randomly, presented in a concentric contraction. This finding revealed a close association of fibroblast orientation with FPCL contraction. However, how cell orientation is changed responding to EF stimuli remains largely unclear. It has been indicated that cell reorientation under EFs may represent a physical adaptability to minimize the EF gradient across the cells [9] . In this process, cytoskeleton reorganization plays an essential role through a series of molecular events such as opening of ion channels, increase of intracellular free calcium, and activation of Rho/Cdc-42 signaling [18, 31, 33] . By inhibitory experiments, we found that microtubules had little effects on BPDCEF-induced fibroblast alignment. This is consistent with a previous study where disruption or stabilization of microtubules neither influenced spreading nor inhibited stretch-induced fibroblasts alignment [19] . By contrast, we showed that a robust redistribution of F-actin parallel to the long axis of cells and perpendicular to the field vector was induced by BPDCEF. Inhibition of actin polymerization by Cyt-D significantly suppressed F-actin redistribution and fibroblasts alignment (Fig. 5A-B) , suggesting that the F-actin redistribution is a substantial step for fibroblast reorientation in this study. F-actin is also known as the main component for contractile force generation through F-actin/myosin interactions [34] . Previous studies have shown that inhibition of myosin light chain kinase, a kinase crucial for F-actin/myosin interaction, resulted in dramatic inhibitory effects on FPCL contraction [3, 18] . We found that actin depolymerization by Cyt-D significantly reduced not only the directionality but also the extent of FPCL contraction (Fig. 5D-F) . These results suggest that F-actin redistribution as a crucial mechanism in BPDCEF-induced directional contraction of FPCL via mediating the reorientation and the contractility of fibroblasts. We tested the idea that the response was controlled by Rho, which acted to control cytoskeletal dynamics. It is well known that RhoA and Rac1 are closely related with actin cytoskeleton remodeling and cell alignment responses to mechanical stimulation [35] . Rajnicek et al. report that Rho signaling is crucial for cytoskeletal reorganization on the nanoscale grooves in tandem with electric fields [18] . However, it is not clear whether the separately EF-induced F-actin remodeling involves Rho signaling. In our studies, the important clues to F-actin remodeling by Rho signaling were the findings that RhoA activity increased after 4 h of BPDCEF stimulation. And C3 transferase, a potent inhibitor of RhoA, caused F-actin depolymerization and actin filament bundle randomly distributed, significantly suppressed fibroblasts alignment. To our knowledge, this study is the first to report the BPDCEF-induced F-actin redistribution and cell alignment involves Rho signaling. The results indicate that Rho signaling is important not only for polymerization of the actin cytoskeleton, but also for F-actin redistribution in response to BPDCEF. This finding may shed light on the mechanism of how a contractile force is generated during the development of scar contracture since parallels of fibroblasts to the tension lines have been observed previously.
In conclusion, we have developed a novel FPCL model that could produce directional contraction through the induction of fibroblast alignment by using BPDCEF stimulation. Further study suggests that the fibroblast alignment in FPCL was induced through a key mechanism of RhoA-regulated F-actin redistribution. Our study might provide a more effective and feasible model for studying scar contracture in vitro, since the size and duration of applied BPDCEF can be easily controlled.
